The S-phase DNA damage checkpoint seems to provide a twist on the checkpoint theme. Instead of delaying replication and allowing repair as a consequence, it may activate repair and delay replication as a consequence.
The term checkpoint was coined to describe a mechanism that actively delays a later cell-cycle event until an earlier event is properly completed. The canonical example is the G2 DNA-damage checkpoint, in which mitosis is prevented until DNA damage can be repaired. It appears a fundamental role of this and other checkpoints is to provide time for other processes, independent of the checkpoint, to act, whether it be to repair DNA, to complete replication, or to properly attach chromosomes to the spindle [1] (Figure 1a ). While the idea that time is the essence seems to hold for the checkpoints that regulate mitosis, it is less well supported for checkpoints regulating other cell-cycle transitions. As early as 1980, Painter and Young [2] speculated that, in cells lacking the Sphase DNA damage checkpoint, "radiosensitivity is not caused by their inability to repair damage but by their failure to go through those X-ray-induced delays that allow cells to repair damage". But recent results [3] [4] [5] [6] [7] suggest that the S-phase DNA-damage checkpoint targets the DNA repair and/or recombination machinery, instead of indirectly allowing repair by inhibiting the progress of replication.
The S-phase DNA-damage checkpoint slows the rate of replication in response to DNA damage. Such checkpoints have been identified in budding yeast, fission yeast and mammalian cells [8] . The human checkpoint proteins ATM and nibrin are required for this checkpoint [8] . Surprisingly, the recombinational repair protein Mre11 is also required for the checkpoint in humans [7] . This observation, together with the fact that ATM phosphorylates nibrin, and nibrin interacts with the Rad50 and Mre11, suggest that the checkpoint may actively regulate repair of DNA damage during S phase [3, 6, 7] . These results, together with results from yeast, suggest a model in which the reduction in rate of replication does not simply provide time for repair, per se, but rather reflects an active, checkpoint-dependent coupling between replication, recombination and repair (Figure 1c ).
The first indication that the S-phase DNA-damage checkpoint is different from the G2 DNA-damage checkpoint comes from examining the timing of the two checkpoints. In budding yeast, the G2 checkpoint can arrest cells for over 12 hours, the equivalent of six generations [9] . And while cells can adapt to low levels of irreparable damage and override the checkpoint, as little as two double-strand breaks will arrest budding yeast cells indefinitely [10] . In contrast, the S-phase checkpoint does not invoke a tight arrest to replication. Instead, replication proceeds in the presence of DNA damage, but at a reduced rate. In budding and fission yeast replication is extended from about 30 minutes to as long as 180 minutes [11] [12] [13] . In mammalian cells the length of S-phase is less than doubled [2, 8] . In all cases, replication proceeds in the presence of DNA damage and sufficient damage remains after replication to invoke a G2 checkpoint [12, 14] . This lack of tight arrest is not necessarily because the checkpoint is incapable of arresting replication for longer. UV damage induced in a budding yeast strain incapable of repairing such damage causes a tight cell-cycle arrest early in S-phase that lasts for over 3 hours [15] . These results show that the S-phase DNA-damage checkpoint does not delay replication until repair can be completed, but rather slows replication when damage is present.
Another difference between the S-phase and G2 checkpoints is that, while there is a good correlation between lack of G2 delay and sensitivity to DNA damage, such a correlation has not been found between sensitivity and loss of the S-phase DNA-damage checkpoint. Cells from patients with the cancer-prone syndrome ataxia telangiectasia are sensitive to ionizing radiation, which causes double-strand breaks, and display radio-resistant DNA synthesis, the term for loss of the S-phase DNAdamage checkpoint in mammalian cells. Ataxia telangiectasia cells rescued for sensitivity by library transformation or hybridization to HeLa cells still display radio-resistant DNA synthesis [16] . Likewise, in a hamster model for ataxia telangiectasia, sensitivity to damage and radio-resistant DNA synthesis can be rescued independently [16] . In fission yeast, lack of the S-phase DNA-damage checkpoint, as a result of deletion of cds1 does not necessarily increase the sensitivity to S-phase DNA damage [12] .
Genetic analysis of the S-phase DNA-damage checkpoint has been complicated by the fact that, in both budding yeast and human cell lines, the best-studied mutations that disrupt the S-phase checkpoint also disrupt the G2 DNA damage checkpoint. This is the case for mutations of both MEC1 and RAD53, two central checkpoint genes in budding yeast, and of ATM, the human homolog of MEC1 which is mutated in ataxia telangiectasia [8] . Mutations in these genes greatly sensitize cells to DNA damage, but as both the S-phase and G2 checkpoints are affected, it has been difficult to demonstrate to what degree either checkpoint contributes to DNA-damage resistance. In this context, cds1, the fission yeast RAD53 homolog, is interesting, in that deletion of cds1 disrupts the S-phase DNAdamage checkpoint without affecting the G2 checkpoint [12, 13] . UV tolerance studies suggest that cds1, and therefore the S-phase DNA-damage checkpoint, does more than provide time for repair. Cells that are unable to repair UV induced DNA damage can still tolerate low levels of UV radiation, presumably through lesion by-pass replication and/or recombination. This tolerance requires cds1 [17] . Thus cds1 has a role in the tolerance of DNA damage that is independent from providing time for the damage to be repaired.
These results are not consistent with the simple model in which the S-phase checkpoint delays replication to provide time for DNA to be repaired before it is replicated. What then is the role of the S-phase DNA-damage checkpoint? We propose that the delay seen in response to DNA damage is not a postponement of replication that then occurs later in a normal fashion, but rather an active checkpoint-dependent modification of the process of replication that is inherently slower. This modification would make the replication machinery better able to deal with DNA lesions that might be encountered, and might directly couple replication with recombination and repair. While this hypothesis is largely speculative, it is consistent with accumulating evidence of a checkpoint-mediated connection between replication and repair [3] [4] [5] 7] .
It is informative to compare the S-phase DNA-damage checkpoint to the DNA replication checkpoint. The latter is the S-phase checkpoint that is activated by treatments that inhibit replication, such as inactivation of DNA polymerases or the depletion of nucleotides by the drug hydroxyurea [18] . The replication checkpoint has at least two functions: it prevents mitosis until replication can be properly completed, but it is also required to maintain viability independently of preventing mitosis during a block to replication [19] . This latter function, known as the recovery function, is not well defined, but it seems to involve preventing illegitimate recombination and has been speculated to stabilize stalled replication forks [13, 20] . This recovery function requires members of the RecQ family of helicases, which includes the Bloom's and Warner's syndrome gene products in humans [20, 21] . The Bloom's syndrome protein promotes Holiday junction branch migration, and has been proposed to prevent stalled forks collapsing into Holiday junctions [22] . We suggest that, in a mechanism similar to the DNA replication checkpoint recovery function, regulation of the replication machinery may also be important for the S-phase DNAdamage checkpoint and may lead to the slowing of replication in response to DNA damage.
What might be the mechanism of this S-phase DNAdamage checkpoint? The slowing of replication appears to result from both reduction in origin firing and a reduction in the rate of fork elongation. The S-phase DNA-damage checkpoint inhibits the firing of late origins in budding yeast and mammalian cells [4, 8] . But inhibition of late origin firing in budding yeast only elongates S-phase by 40 minutes, significantly less that the delay caused by DNA damage [23] . Thus the S-phase damage checkpoint must also slow the rate of replication fork elongation. There are several putative targets of the S-phase DNA damage checkpoint that could control the rate of replication. In budding yeast, the checkpoint is thought to regulate both replication protein A and the DNA polymerase α-primase complex, and thereby regulate lagging-strand synthesis [4] . The checkpoint may also regulate replication through Dispatch R909
Figure 1
Models for checkpoint function. (a) The G2 checkpoints prevent mitosis to allow time repair to occur before the chromosomes are divided. This example shows the repair of DNA damage, but the checkpoints that allow time for replication to complete or chromosomes to be attached to spindles are conceptually similar. While the G2 checkpoints may also induce repair mechanisms, this induction is independent of the regulation of mitosis. (b) By analogy to G2 checkpoints, the S-phase DNA damage checkpoint had been speculated to prevent replication until repair can occur. (c) Recent work suggests that the S-phase DNA damage checkpoint directly induces replication-coupled repair, in this example template switching, and that the slowing of replication is a secondary result. the Srs2 helicase [5] . Regulation of Srs2 in response to DNA damage is postulated to slow S-phase by promoting recombination-coupled replication, such as break-induced replication or template switching, to bypass lesions [4, 5] .
In the absence of the checkpoint, cells may default to faster, but less accurate, methods of replicating lesions, such as polymerase switching.
Analysis of two human genes supports the idea that the S-phase DNA-damage checkpoint regulates recombinational repair during S phase. NBS1, the gene mutated in the human cancer-prone disease Nijmegen breakage syndrome, and hMre11, which is mutated in ataxia-telangiectasia-like disorder, are both required for the S-phase DNA-damage checkpoint and not for the G2 checkpoint [7, 14] . Cells from patients with Nijmegen breakage syndrome or ataxiatelangiectasia-like disorder are sensitive to double-strand breaks induced by ionizing radiation, and display radioresistant DNA synthesis. Nibrin, the product of the NBS1 locus, associates with Rad50 and Mre11, two proteins believed to be involved in double-strand break repair [6] . In response to DNA damage, nibrin is thought to be directly phosphorylated by ATM, and mutation of the phosphorylation site disrupts the S-phase checkpoint [3] .
Nibrin is thus speculated to have a role in coordinating double-strand break repair with S-phase checkpoint regulation. An alternative, and equally interesting, interpretation is that these proteins serve as the sensor of the damage, but are also phosphorylated by the checkpoint kinases as part of a feedback regulation loop. It should be noted that the checkpoint defects caused by loss of Mre11 and nibrin are not quite as severe as those caused by loss of ATM, suggesting that ATM may regulate other aspects of the checkpoint, such as late origin firing. It is also important to recall that cells from patients with Nijmegen breakage syndrome, ataxia-telangiectasia-like disorder or ataxia telangiectasia cells do not show gross defects in double-strand break repair, so neither the checkpoint nor Mre11 are required for double strand break repair, per se [7, 24] . Rather, they may be important for recombinational repair during replication. Consistent with this idea, ataxia telangiectasia cells show subtle defects in double-strand break repair that may contribute to their radiosensitivity [24] .
This model of the S-phase DNA damage checkpoint puts an interesting twist on the standard checkpoint paradigm.
Instead of delaying a cell-cycle event, in this case replication, to allow time for repair to take place, the S-phase DNA-damage checkpoint may act, at least in large part, to directly regulate the repair process, and only delay replication as a secondary consequence of this repair. If this model is true, it throws new light on both the purpose and mechanism of this checkpoint, and will hopefully lead to a better understanding of the relationship between the replication, recombination and repair machinery and the external signals that regulate them.
